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I. INTRODUCTION
1. Preliminary Statement.-Considerable technical information is
available regarding the standards of ventilation and the methods of
maintaining such standards under specified conditions, but the sources
of information are widespread and many of them are either unknown
or unavailable to the average person interested only in improving the
conditions within the home.
In view of the extended interest which has recently developed
concerning humidification, the demand for some single source of in-
formation, easily available, has become urgent. The object in the
preparation of this bulletin has therefore been to consolidate certain
useful information from various sources, and to present experimental
results which have been obtained by the Engineering Experiment
Station incident to coiperative researches with the National Warm-
Air Heating Association and with the Institute of Boiler and Radiator
Manufacturers.
Free use has been made of material appearing in previous bul-
letins* of the Engineering Experiment Station, and certain curves from
Bulletin No. 141 have been recalculated, making use of more recently
determined and accepted data on the conductivity of air spaces and
glass.
2. Acknowledgments.-Experimental results cited were obtained as
part of the work of the Engineering Experiment Station of the Univer-
sity of Illinois, of which DEAN M. S. KETCHUM is the director, and of
the Department of Mechanical Engineering, of which PROF. A. C.
WILLARD is the head. The particular investigations were conducted
under the direction of Prof. A. C. Willard.
II. HUMIDITY REQUIREMENTS
3. Relative Humidity for Comfort.-The whole question of opti-
mum comfort has recently come to be recognized as a matter of pro-
viding for the proper dissipation of the heat generated by the human
body. If the surrounding environment is such that the rate of heat
generation is not balanced by the rate of heat loss, the body must
*"Investigation of Warm-Air Furnaces and Heating Systems," Parts II and IV, Univ. of Ill.
Eng. Exp. Sta. Bul. 141, 1924, and Bul. 189, 1929.
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attempt to compensate by internal adjustments. The necessity for
such adjustments results in a feeling of discomfort, which is rendered
more or less acute, depending on how far the conditions depart from
the possible range of internal adjustment. Thus, if the rate of heat
loss is less than the rate of heat generation, or metabolic rate, a feeling
of oppression or "stuffiness" will ensue, which, if carried to the extreme,
will result in collapse. Conversely, if the rate of heat loss is greater
than the metabolic rate a feeling of chilliness will result.
It is true that unduly dry air will tend to dry out the mucous
membranes in the nose and throat, thus causing some discomfort, and
may result in somewhat decreased resistance to colds and infection.
However, medical opinion does not seem to be entirely unanimous on
this point, and the final criterion for proper humidification will prob-
ably be measured in terms of comfort rather than in terms of patho-
logical effects. At present, comfort seems to offer the most tangible
standard of measurement.
The metabolic rate, or rate at which the body generates heat, is
approximately 384* B.t.u. per hour at rest and 610t B.t.u. per hour
under conditions of more or less activity. For optimum comfort this
rate must be equal to the rate at which the body loses heat. This loss
is brought about by convection, radiation, and evaporation, all of
which are determined by conditions in the surrounding air and relative
temperatures of the body and surrounding air and walls. In a given
environment, the human body has practically no control over convec-
tion and radiation, except by slight changes in body temperature.
Hence the major part of the adjustment must be made in the evapora-
tion by furnishing more or less moisture to the skin in the form of
perspiration. The greater the rate of evaporation, the greater the
cooling effect becomes. This rate of evaporation depends on the dry-
bulb temperature, commonly measured by means of a thermometer in
the air, the relative humidity and the rate of air movement. Hence
the whole problem of insuring optimum comfort resolves itself into
one of providing proper conditions of dry-bulb temperature, relative
humidity, and air movement.
With constant air movement and too high relative humidity, the
feeling of too great warmth is decreased by decreasing the dry-bulb
temperature. With too low relative humidity a feeling of chilliness
must be overcome by increasing the dry-bulb temperature. Also, with
constant dry-bulb temperature and relative humidity, comfort may be
*American Society of Heating and Ventilating Engineers Research Laboratory.
tAtwater and Benedict.
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controlled by varying the air movement; increasing the rate to in-
crease cooling and decreasing it to decrease cooling effect.
In the average residence the conditions are such that the occupants
are either at rest or under slight activity. Air motion is rarely as high
as 50 ft. per min. Hence the control of comfort must be accomplished
by maintaining the proper relation between dry-bulb temperature and
relative humidity. Combinations of these two factors affording the
same degree of comfort are said to produce the same effective tempera-
ture. Exhaustive tests* by the Research Laboratory of the American
Society of Heating and Ventilating Engineers proved that the ma-
jority of people, normally clothed and at rest, or under slight activity,
require an effective temperature of approximately 65 degrees in order
to enjoy the maximum comfort.
The chart in Fig. 1 has been prepared from the published results
of the study at the Research Laboratory of the American Society of
Heating and Ventilating Engineers, and shows the various combina-
tions of room temperature and relative humidity required to produce
an effective temperature of 65 degrees, or the condition for optimum
comfort. From this it may be noted that, for a relative humidity of
40 per cent, a dry-bulb, or room, temperature of 69.5 deg. F. is re-
quired. If the relative humidity is only 20 per cent, which is represen-
tative of conditions in the average residence in zero weather, a room
temperature of 71.5 deg. F. will be required. This chart also shows
*Summarized in the "Guide for 1930" published by the American Society of Heating and
Ventilating Engineers.
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the limits above which all persons will feel too warm and below which
too cool. The chart is applicable in all cases where the type of heating
plant is such that most of the heat is supplied by convection, as in the
warm-air furnace, or the average steam and hot water plant. The
application is doubtful where the major part of the heat is supplied
by direct radiation, as in the case of panel heating, or in the case of
a number of direct electrical radiant heaters.
While considerations of comfort should probably be the controlling
factor in determining the standard for humidification, other phases of
the subject deserve some mention. Excessively dry air absorbs mois-
ture from glue and fabrics, and the depreciation of furniture, rugs,
and indoor trim subjected to such an atmosphere is much greater than
where proper moisture is present. Furthermore, very dry air forms a
good environment for the generation of static electricity which be-
comes evident by sparks discharged if the occupants walk across the
rugs and touch grounded objects. This in itself is an annoyance, and
in addition it is not certain but that the possibility of static electrical
charges on the surfaces of dust particles aid in keeping such particles
afloat. Certainly fine dust particles are more easily produced by
grinding dry material under-foot than in the case of materials with
more absorbed moisture, and dry air will probably contain more dust
than moist air. However, it is probable that an atmosphere conducive
to comfort does not depart radically from that required for the pres-
ervation of furniture and the minimizing of static electricity and dust,
and that the same means will accomplish both ends.
4. Evaporation Requirements.-The consideration of the amount
of water that has to be evaporated in order to produce given percent-
ages of relative humidity involves an understanding of exactly what is
meant by the term relative humidity, and why the evaporation must
be more or less continuous in order to maintain a given percentage of
relative humidity in a structure similar to a residence.
When the space occupied by a given weight of air contains all the
water vapor it can hold the air is said to be saturated. This amount
depends on the temperature of the air, and is very definite for any
given air temperature. More water vapor is required to saturate
warm air than cold. If the air is not saturated, the ratio of the weight
of water vapor actually present to the weight of water vapor required
to saturate it is defined as the relative humidity. This fraction is
almost invariably expressed as a percentage, and the method for its
determination is discussed in Appendix A.
Buildings are never absolutely air tight. Hence cold air constantly
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leaks in through cracks around the windows and doors on the wind-
ward sides and replaces the same weight of warm air that escapes
through openings on the protected sides. If the air outside at zero deg.
F. is saturated, that which leaks into a building where the temperature
is 70 deg. F. will no longer be saturated at this higher temperature and
will, therefore, have a relative humidity that is less than 100 per cent.
One pound of saturated air at zero deg. F. actually contains
0.000781 lb. of water vapor. When this same pound of air leaks into
the building, it still contains 0.000781 lb. of water vapor, but the tem-
perature is now 70 deg. F., and it could contain 0.01578 lb. if it were
saturated at this temperature. The relative humidity would there-
0.000781 X 100
fore be 0.01578 = 4.95 per cent. Since the leakage of air is0.01578
a more or less constant process, it is at once apparent that if a high
relative humidity is to be maintained indoors, a continuous supply of
water vapor must be added to replace that which is lost in the warm
air escaping from the building, and that the amount necessary is the
difference between the weights carried out by the warm air and in by
the cold air. It is also evident that this required weight is governed
by the actual weight of air inleakage in a given time, or in other words
by the number of air changes per hour occurring in the building.
Hence the evaporative requirements for a given residence are deter-
mined by the tightness of the structure as a whole, and particularly
of the doors and windows. The air inleakage in the average non-
weather-stripped residence ranges, in cold or windy weather, from one
to three air changes per hour, and if the doors and windows are
weather-stripped it may be as low as one-third of an air change per
hour.
The curves in Fig. 2 show the quantity of water that must be
evaporated per 24 hours from all sources in order to maintain from
30 to 45 per cent relative humidity in a heated space of 10 000 cu. ft.
when the outdoor temperature ranges from -20 to +70 deg. F. These
curves have been based on one air change per hour, as representative
of average good construction, and a mean indoor temperature of 69
deg. F., since the comfort chart in Fig. 1 shows a range of from 68.5
to 70.5 deg. F. with relative humidities of from 30 to 50 per cent.
From the curves in Fig. 2 it may be noted that for a medium sized
residence with a heated volume of 15 000 cu. ft., 11.6 X 1.5 = 17.4
gallons of water per 24 hours would be required from all sources to
maintain 40 per cent relative humidity when the temperature outdoors
was zero deg. F. -If the windows and doors were weather-stripped, or
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FIG. 2. CURVES FOR EVAPORATIVE REQUIREMENTS FOR HUMIDIFIERS
equipped with tight storm sash, this could probably be reduced to
5.8 gallons per 24 hours. In mild weather smaller amounts would be
required.
III. LIMITATIONS ON RELATIVE HUMIDITY
5. Glass Surface Temperature.-In the case of a partition separat-
ing a space containing warm air from one containing cold, the tem-
perature of the surface of the partition exposed to the warm air is
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lower than that of the warm air itself. The greater the heat insulating
value of the partition the more nearly the temperature of the inside
surface will approach that of the air. Thus in the case of the average
frame wall exposed to the weather, the temperature of the inside sur-
face will range from 48 deg. F. to 70 deg. F. as the outdoor tem-
perature varies from zero deg. F. to 70 deg. F. while the temperature
of the inside air is maintained at 70 deg. F.
Since glass window panes have a heat insulating value much less
than that of a frame wall, the inside surface temperature will be lower
than that of the frame wall under the same conditions. These inside
surface temperatures for three types of windows, single glass panes,
double glazed windows with % in. space between the glass panes, and
storm sashed windows with 11 in. between the glass panes, for various
outdoor temperatures, are shown in Fig. 3. From the curves it may
be noted that as the outdoor temperature changes from -20 deg. F. to
69 deg. F., the temperature of the inside surface of single glass panes
varies from 2 deg. F. to 69 deg. F., while that for the windows with
storm sash varies from 36 deg. F. to 69 deg. F. That is, the windows
with storm sash are much warmer. These curves are based on the
assumption that the storm sash is fitted tightly against felt strips to
prevent cold air filtering in between panes, and not hung loosely as
found in many faulty installations.
The inside surface temperatures have a direct bearing on the com-
fort of the occupants inasmuch as cold surfaces increase the radiation
loss from the body and give rise to a feeling of chilliness even when
the air temperature is sufficiently high for comfort. They have more
direct bearing, however, on limiting the percentage of relative humid-
ity that can be carried in the room without obtaining objectionable
condensation on the surfaces.
6. Allowable Relative Humidity.-If air containing water vapor,
but not saturated, is gradually cooled, a temperature will finally be
reached at which it becomes saturated. This temperature is known
as the dew point, and further cooling will result in condensation of
some of the water vapor. Hence, if the air in the room comes into
contact with surfaces having temperatures equal to or less than the
dew point, condensation will occur, and moisture or frost will be de-
posited on the surfaces. With high relative humidities the condensa-
tion will occur with relatively high surface temperatures.
The lower curves in Fig. 3 show, for three types of windows, the
indoor relative humidity at which condensation will begin to appear
on the window panes as the outdoor temperature varies from -20 deg.
ILLINOIS ENGINEERING EXPERIMENT STATION
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FIG. 3. CURVES FOR GLASS SURFACE TEMPERATURES AND LIMITING
VALUES FOR RELATIVE HUMIDITY
F. to 69 deg. F. From these curves it may be observed that, with
single glass panes, if 40 per cent relative humidity is carried indoors,
condensation will appear when the outdoor temperature drops to 35
deg. F. With double glazed windows this does not occur until the out-
door temperature drops to 20 deg. F., and, with storm sash, to zero
deg. F. From these curves it is self-evident that if the 40 per cent
relative humidity required for optimum comfort is actually to be
attained in rigorous climates, storm sash must be used to prevent ob-
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jectionable condensation on the windows. Hence the householder
should very definitely understand that there is only one of three
courses open, namely, to carry relative humidities lower than those
usually recommended, to become reconciled to excessive condensation
on the windows, or to install storm sash or the equivalent in double
glazed windows.
In many cases condensation may not appear until somewhat lower
outdoor temperatures are attained than those shown on the curves,
because with poorly fitted windows cold air leaks in around the sash
and forms a protecting blanket over the inside surface of the window,
thus preventing the actual room air from coming into contact with the
surface. For this reason condensation will usually appear on weather-
stripped windows before it will on those non-weather-stripped. While
this protecting blanket may be an advantage from the standpoint of
condensation, the air inleakage adds both to the load on the humidifier
and the load on the heating plant, and hence cannot be regarded as
an unmixed blessing.
As a rule, the possibility of condensation appearing on the inside
surfaces of exposed walls may be disregarded. However, in the case
of the frame wall previously cited where the inside surface tempera-
ture becomes 48 deg. F. with zero deg. F. outdoors, condensation will
appear if the relative humidity indoors becomes 49 per cent. This is
approaching the 40 per cent required for optimum comfort and is
lower than that sometimes recommended in the popular press. It also
serves to emphasize the fact that in more rigorous climates proper
attention should be given to wall construction and heat insulation in
considering the problem of relative humidity.
From the preceding discussion it may be readily seen that the
whole problem of humidity requirements and limitations is closely
related to that of good building construction and cannot be separated
from it. If these factors are not considered, and the purchase of hu-
midification apparatus is made solely on the basis of expected evapora-
tive performance, the result is liable to end in disappointment.
IV. PERFORMANCE OF WATER PANS
7. Pans in Warm-Air Furnace Plant in Laboratory.-Tests of the
evaporative performance of water pans in a warm-air furnace were
conducted in the main furnace plant in the Mechanical Engineering
Laboratory. This plant is shown in elevation in Fig. 4, and has been
described in previous bulletins.* The types of pans tested, and the
*"Investigation of Warm-Air Furnaces and Heating Systems," Parts I, II, and III, Univ. of
Ill. Eng. Exp. Sta. Bul. 120, 1921, Bul. 141, 1924, and Bul. 188, 1929.
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Fic. 5. EVAPORATION FROM PANS IN A FURNACE BURNING
ANTHRACITE COAL
performance curves, are shown in Fig. 5, which has been reproduced
from Bulletin No. 141. The furnace was a standard type of cast-iron
circular-radiator furnace with a 27-in. firepot. These results were all
obtained with the furnace operating with anthracite coal and with
comparatively high register air temperatures. It may be observed
that the evaporation did not approach the 17.4 gallons of water per
24 hours, derived in Section 4 for a house representative in size for the
27-in. furnace, except for the dome pan and the crescent pan at regis-
ter air temperatures higher than those recommended for good practice.
Tests on the crescent pan with the furnace operating with bitumi-
nous coal indicated a constant evaporation rate for all register air tem-
peratures from 110 deg. F. to 180 deg. F. This rate was 2.3 gallons
per 24 hours when the pan was placed mid-way between the firepot
and the casing, as shown in Fig. 5, and 1.2 gallons when placed with
the outer edge touching the casing. In either case the pan would prove
ineffective for proper humidification.
8. Pans in Warm-Air Furnace Plant in Research Residence.-A
considerable number of observations were made on the evaporative
performance of three types of water pans in the warm-air furnace
ILLINOIS ENGINEERING EXPERIMENT STATION
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plant in the Research Residence. This residence has a total heated
volume of approximately 16 120 cu. ft. It is shown in Fig. 6, and
both the furnace plant and the building have been described in a pre-
vious bulletin.* The furnace was the same one that was used in the
tests on the main furnace plant discussed in Section 7. All tests were
made with the furnace operating with anthracite coal, and with the
room temperature in the residence maintained at 70 deg. F. by means
of a thermostat. The three types of pans tested, and the evaporative
performance curves are shown in Fig. 7, together with a curve showing
the relative humidity produced in the house. These curves have been
reproduced from Bulletin No. 189.
From the curves in Fig. 7, it may be noted that the maximum
evaporation of 6.8 gallons per 24 hours was obtained with the pan in
the base of the casing when the difference in temperature between the
air indoors and outdoors was 70 deg. F. This difference corresponds to
a zero day, and under these conditions the plant operates with an aver-
age register air temperature of approximately 140 deg. F. This reg-
ister air temperature is somewhat lower than the minimum shown in
Fig. 5. The evaporation from all of the pans in the Research Resi-
dence could have been increased by reducing the size of the furnace,
thus necessitating the use of higher register air temperatures, but this
would have been accomplished by an unwarranted sacrifice in heating
efficiency and satisfactory operation of the heating plant, and hence
is not to be recommended. The evaporative performances of the front
pan and the dome pan shown in Fig. 7 were somewhat less than those
shown in Fig. 5 at corresponding register air temperatures. This may
be explained by the fact that the air circulating capacity for a given
register air temperature was somewhat less for the Research Residence
plant than that for the main furnace plant. Hence the velocity of
the air over the surface of the pan was not as great in the Research
Residence plant.
It was not possible, as indicated in Fig. 7, to show positively that
one pan produced greater relative humidity in the house than the
others. This condition is difficult to explain, but it was possibly due
to some moisture storage capacity of the walls, floors, and furniture,
although great care was observed to operate the house for a period
that was considered sufficient to establish equilibrium before any data
were recorded. It is evident, however, that none of the pans evapo-
rated enough water to produce 40 per cent relative humidity in cold
weather. From Fig. 2 it may be noted that to produce 40 per cent rela-
*"Investigation of Warm-Air Furnaces and Heating Systems," Univ. of Ill. Eng. Exp. Sta.
Bul. 189, 1929.
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FIG. 8. RADIATOR SHIELD WITH WATER PAN
tive humidity on a zero day, 11.6 X 1.612 = 18.7 gallons of water per
24 hours would be required for this building. The evaporation from the
base pan was 6.8 gallons per 24 hours, and the resulting relative humid-
ity was 18.5 per cent as shown in Fig. 7. A calculation based on one
air change per hour indicates that the relative humidity resulting from
the evaporation of 6.8 gallons per 24 hours would be approximately
17 per cent. This agrees fairly well with the 18.5 per cent shown in
Fig. 7, and substantiates the assumption that the air inleakage to the
Research Residence amounts to approximately one air change per hour
on a zero day. If the windows were weather-stripped, and 1/ of an
air change per hour were obtained instead of one air change, the
evaporation of 6.9 gallons of water per 24 hours would have been
adequate to give 40 per cent relative humidity in the rooms.
9. Pans in Radiator Shields.-Tests on the evaporative perform-
ance of water pans in radiator shields similar to the one shown in
Fig. 8 were run in the Mechanical Engineering Laboratory. The
radiator stood on the main laboratory floor and was partly surrounded
by a test booth. This booth consisted of a back placed 21 in. from
ILLINOIS ENGINEERING EXPERIMENT STATION
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FIo. 9. EVAPORATIVE RATE FOR WATER PANS IN RADIATOR SHIELDS
the radiator, two ends, and a top. It was open on one side and served
to protect the radiator against transverse air currents. The laboratory
was sufficiently large so that the heat output of the radiator had no
appreciable effect on the room temperature, and the evaporation from
the pan had no effect on the relative humidity.
Two types of radiators were used: One was a 20-section 38-inch
3-column cast-iron radiator having a rated area of 100 sq. ft., and the
other a 6-section 26-inch 3-column cast-iron radiator, having a rated
area of 22.5 sq. ft. In the case of the 38-in. radiator all tests were run
with the same shield. The water pan was 1% in. deep and rested on
top of the radiator, leaving a clearance of % in. between the top of
the pan and the top of the shield. A row of holes around the top of
the pan permitted air to circulate over the surface of the water. Two
shields were used on the 26-in. radiator, one having a clearance of
% in. between the top of the water pan and the shield, and the other
a clearance of 1 in. Tests on these pans were made with the top of
the shield in place, and also raised at an angle.
The results of all the tests are shown in Fig. 9. The water tem-
perature appeared to be the controlling factor in determining the
evaporative rate. The temperature of the air in the room, the height
of the radiator, and the nature of the top, or the clearance between
the top of the shield and the top of the pan, appeared to have no direct
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effect on the rate, but did have a direct effect on the temperature of
the water, and hence controlled the rate indirectly. By varying these
factors it was possible to obtain a range of water temperatures from
98 deg. F. to 122 deg. F. The range obtained with the 26-in. radiator
was from 98 to 115 deg. F., and that with the 38-in. radiator was from
115 to 122 deg. F. The room temperature in the former case varied
from 76 to 90 deg. F., and in the latter from 75 to 82 deg. F., with a
single reading obtained at 63 deg. F.
The results in Fig. 9 indicate that room relative humidities above
40 per cent had some influence in reducing the evaporative rate. It
was possible to draw a single curve to represent all observations for
which the relative humidities ranged from 25 to 40 per cent. Three
observations for which the relative humidity was 50 per cent, or
higher, were not on this curve, and have been represented by a short
section of curve shown below the former. On the whole, the results
were consistent and the deviations small; hence the curve for relative
humidities from 25 to 40 per cent may be considered as representative
of the average performance of pans in radiator shields under the con-
ditions existing in a residence.
For the purpose of comparison, a curve for the evaporation from
water in an open tank heated by means of a steam coil in the water
has been reproduced from Bulletin No. 141, and is shown in Fig. 9.
This tank was about 12 in. deep and had an exposed water surface of
18 in. X 30 in. The surface of the water was maintained 4 in. below
the top of the tank. The movement of air by natural convection over
this tank increased as the temperature of the water increased. In the
case of the pans in the radiator shields the radiators determined the
air movement by convection, and this movement remained approxi-
mately constant, independent of the temperature of the water in the
pan. Hence the rate of evaporation increased more rapidly with the
increase in water temperature in the case of the open tank than in the
case of the radiator shields.
It is possible to arrive at some conclusion regarding the adequacy
of the pans in the radiator shields by considering conditions in the
Research Residence, discussed in Section 8. The heat loss from the
Residence on a zero day, with a wind velocity of 15 miles per hour, is
approximately 119 000 B.t.u. per hr. To offset this, approximately
500 sq. ft. of installed radiation would be required. If this consisted
of 26-in. 5-tube cast-iron radiators, each section having 3.5 sq. ft., it
would require 143 sections, or a total length of 357 in., allowing 2.5 in.
for each section. Since the width of the pans used in the shields for
this type of radiator was 6 in., the total water surface represented by
ILLINOIS ENGINEERING EXPERIMENT STATION
such pans would be approximately 15 sq. ft. The room temperatures
used on the tests with the 26-in. radiator were not lower than 76 deg.
F. Hence, if the radiators were installed in a residence with a room
temperature of 70 deg. F. the water temperature must be represented
by the lower range of the curve in Fig. 9. It could not reasonably be
above 105 deg. F. At this temperature the evaporative rate would be
0.235 lb. per sq. ft. per hr., or 10.2 gallons per 24 hours. The rate
required for the Research Residence in order to give a relative humid-
ity of 40 per cent was 18.7 gallons per 24 hours, from all sources, as
determined in Section 8. Hence, the water pans used in shields on
26-in. radiators would not prove entirely adequate, unless other
sources of water vapor existed, although a calculation based on one
air change per hour indicates that they would be sufficient to give a
relative humidity of approximately 23 per cent on a zero day. It is
not probable that they would be more effective on higher radiators
because the number of sections required for the same number of square
feet of radiation, and accordingly the area of water surface, would be
less. It is also doubtful whether increasing the water surface by using
lower radiators would be effective, because the water temperature
would be less with the lower radiator.
V. SUMMARY AND CONCLUSIONS
10. Summary.-The principles underlying humidity requirements
and limitations may be summarized as follows:
(1) Optimum comfort is the most tangible criterion for determin-
ing the air conditions within a residence.
(2) An "effective temperature" of 65 degrees represents the opti-
mum comfort for the majority of people. Under the conditions in the
average residence a dry-bulb temperature of 69.5 deg. F. with relative
humidity of 40 per cent is the most practical for the attainment of
65 deg. "effective temperature."
(3) Evaporation requirements to maintain relative humidity of
40 per cent in zero weather depend on the amount of air inleakage to
the average residence, and vary from practically nothing to 24 gallons
of water per 24 hours.
(4) Relative humidity of 40 per cent indoors cannot be maintained
in rigorous climates without excessive condensation on the windows
unless tight fitting storm sash or the equivalent are installed.
(5) The problems of humidity requirements and limitations cannot
be separated from considerations of good building construction, and
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the latter should receive serious attention in the installation of humid-
ifying apparatus.
11. Conclusions.-From the experimental results cited the follow-
ing conclusions may be drawn:
(1) None of the types of warm air furnace water pans tested
proved adequate to evaporate sufficient water to maintain 40 per cent
relative humidity in the Research Residence except in only moderately
cold weather.
(2) The water pans used in radiator shields tested would not prove
adequate to maintain 40 per cent relative humidity in a residence
similar to the Research Residence when the outdoor temperature
approximates zero deg. F.
APPENDIX A
MEASUREMENT OF RELATIVE HUMIDITY
The standard instrument used for the determination of relative
humidity is known as a sling psychrometer. It consists of two ther-
mometers mounted on a frame as shown in Fig. 10. The frame is
mounted on a handle so that it can be revolved with the handle acting
as a pivot. The bulb of one thermometer is encased in a sheath con-
sisting of a single layer of loosely woven cloth.
In order to make a reading with this instrument, the cloth encased
bulb is dipped into water, care being taken not to wet the exposed bulb
of the other thermometer. The frame bearing the thermometers is
then rotated about the handle at a rate of from 150 to 200 revolutions
per minute. The rotation is stopped occasionally and the two ther-
mometers read. This is continued until the wet-bulb thermometer
shows a constant reading. The relative humidity is then read directly
from a psychrometric table or chart. Such tables are furnished by the
makers of the instruments, or may be obtained from the United States
Weather Bureau. For convenience Table 1, covering a range sufficient
for home use, is given here.
Several precautions are necessary in using the sling psychrometer.
The cloth on the wet-bulb thermometer should be clean, and nothing
but clean water should be used. Distilled water is much to be pre-
ferred, with clear soft water as a second choice. The instrument must
be rotated until the readings are constant. Air motion is absolutely
necessary, and stationary wet- and dry-bulb thermometers fastened to
walls, or provided with a base, give erroneous results. Determinations
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FIG. 10. SLING PSYCHROMETER AND WET-BULB AND
DRY-BULB THERMOMETER
on stationary instruments indicate relative humidities higher than
those actually existing.
In the absence of a standard sling psychrometer, a simple home-
made instrument may be used successfully. The bulb of a thermom-
eter is encased in a cloth sheath of a single layer and inserted
through the cork in a bottle of water, as shown in Fig. 10. The tightly
corked bottle with the thermometer is allowed to set until the bottle,
thermometer, and water have assumed the temperature of the room
and this temperature is then recorded. The cork and thermometer
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together are then removed from the bottle and swung in the air in the
room by holding the thermometer between the thumb and fingers and
moving the wrist. It should be moved at the same rate as a sling
psychrometer and readings made until it has assumed a constant tem-
perature. The first reading made in the tightly corked bottle of water
corresponds to the dry bulb, and the second one with the thermometer
in the air to the wet bulb readings. The relative humidity is then
read from Table 1, or a similar table. The thermometer used should
be a good grade of chemical thermometer with a long bulb of thin
glass, and for the dry bulb reading the instrument should be located
at a point representative of the temperature of the air in the room
and not on a table near a cold exposed wall.
APPENDIX B
METHOD OF CALCULATION FOR CURVES OF HUMIDITY
REQUIREMENTS AND LIMITATIONS
The curves for evaporation requirements shown in Fig. 2 were
calculated from the following formula:
VAd Friwi rowo] (1)
8.34 L100 100]
where G = water required in gallons per hour
V = volume of the space heated in cubic feet
A = number of air changes per hour
d = density of dry air at room temperature in pounds per cubic
foot
r, = relative humidity indoors in per cent
ro = relative humidity outdoors in per cent
w, = weight of water vapor in one pound of saturated air at
room temperature in pounds
Wo = weight of water vapor in one pound of saturated air at
the outdoor temperature in pounds.
For one air change per hour in a heated volume of 10 000 cu. ft. and
a room temperature of 69 deg. F. this formula simplifies to
G = 0.90 (riwi - rowo) (2)
The values for the outdoor relative humidities used are shown in
the upper curve in Fig. 2. The data from which this curve was plotted
were taken from observations made by the Department of Soil Physics
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at the University of Illinois. Readings are'made at this Station daily
at 7 a.m., 2 p.m., and 7 p.m., and the mean for the month is obtained
from the daily averages. The data covering a period of 5 years were
used for the curve.
The values of w, and w, were obtained from the table of mixtures
of air and saturated water vapor given in Goodenough's "Properties
of Steam and Ammonia."
The curves for surface temperatures shown in Fig. 3 were calcu-
lated from the equation:
K, (t, - t2) = U (t 1 - to) (3)
where K, = surface coefficient of heat transmission at the inside sur-
face in B.t.u. per sq. ft. per hr. per deg. F. difference in
temperature
U = overall coefficient of heat transmission from air to air in
B.t.u. per sq. ft. per hr. per deg. F. difference in tempera-
ture
t, = temperature of air in the room in deg. F.
t2 = temperature of the inside surface of the glass in deg. F.
to = temperature of outdoor air in deg. F.
Solving this equation for t 2, it becomes
U
t2 = tl - (t - to) (4)
The values of U for Equation (4) were obtained from
1
U = 1 1 x (5)
S++ R+R+
where U and K 1 are the same as for Equation (3)
K2 = surface coefficient of heat transmission at the outside sur-
face of the glass in B.t.u. per sq. ft. per hr. per deg. F.
difference in temperature
R = resistance of the air space in deg. F. difference in tem-
perature of the bounding surfaces per B.t.u. per sq. ft.
per hr.
c = conductivity of the glass in B.t.u. per sq. ft. per hr. per
deg. F. difference in temperature per inch of thickness
x = total thickness of glass in inches.
ILLINOIS ENGINEERING EXPERIMENT STATION
For single thickness of glass the term R does not appear in the
equation. The following values were used for the physical constants
in Equation (5):
K, = 1.5,* K 2 = 5.01,* c = 5.0,t R = 0.911 and 0.40t
The value 5.01 was for a wind velocity of 15 miles per hour. The
value 0.91 was for a 1%-in. air space at a mean temperature of 40
deg. F., and 0.40 was for a '/-in. air space at the same mean tem-
perature.
As a check, the curves for single and double glazed windows were
also calculated from an empirical equation deduced from experimental
results.¶
t2 = to + K (ti - to) (6)
in which to, t,, and t, are the same as for Equation (3), and K is a
constant having a value of 0.25 for single glass windows and 0.48 for
double glazed windows with 1/-in. air space between panes. The re-
sults from this equation did not deviate one per cent from those ob-
tained from Equation (4).
The lower curves shown in Fig. 3 were calculated from the upper
curves by dividing the weight of water vapor required to saturate air
at temperatures corresponding to the various temperatures of the in-
side surface of the glass by the weight required to saturate the air at
a room temperature of 69 deg. F., and multiplying by 100 to reduce
to a percentage basis.
*F. B. Rowley, American Society of Heating and Ventilating Engineers Journal, June, 1930.
tInternational Critical Tables.
IF. B. Rowley, American Society of Heating and Ventilating Engineers Journal, January, 1929.
1L. W. Leonard and J. A. Grant, American Society of Heating and Ventilating Engineers
Journal, January, 1929.
RECENT PUBLICATIONS OF
THE ENGINEERING EXPERIMENT STATIONt
Bulletin No. 184. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part III, by Alfred C. Callen and Cloyde M. Smith. 1928. Thirty-five
cents.
Bulletin No. 185. A Study of the Failure of Concrete under Combined Com-
pressive Stresses, by Frank E. Richart, Anton Brandtzaeg, and Rex L. Brown. 1928.
Fifty-five cents.
*Bulletin No. 186. Heat Transfer in Ammonia Condensers. Part II, by Alonzo
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1928. Twenty cents.
*Bulletin No. 187. The Surface Tension of Molten Metals. Part II, by Earl E.
Libman. 1928. Fifteen cents.
Bulletin No. 188. Investigation of Warm-air Furnaces and Heating Systems.
Part III, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. Day. 1928. Forty-
five cents.
Bulletin No. 189. Investigation of Warm-air Furnaces and Heating Systems.
Part IV, by Arthur C. Willard, Alonzo P. Kratz, and Vincent S. Day. 1929. Sixty
cents.
Bulletin No. 190. The Failure of Plain and Spirally Reinforced Concrete in
Compression, by Frank E. Richart, Anton Brandtzaeg, and Rex L. Brown. 1929.
Forty cents.
Bulletin No. 191. Rolling Tests of Plates, by Wilbur M. Wilson. 1929. Thirty
cents.
Bulletin No. 192. Investigation of Heating Rooms with Direct Steam Radiators
Equipped with Enclosures and Shields, by Arthur C. Willard, Alonzo P. Kratz,
Maurice K. Fahnestock, and Seichi Konzo. 1929. Forty cents.
Bulletin No. 193. An X-Ray Study of Firebrick, by Albert E. R. Westman.
1929. Fifteen cents.
*Bulletin No. 194. Tuning of Oscillating Circuits by Plate Current Variations,
by J. Tykocinski-Tykociner and Ralph W. Armstrong. 1929. Thirty cents.
Bulletin No. 195. The Plaster-Model Method of Determining Stresses Applied
to Curved Beams, by Fred B. Seely and Richard V. James. 1929. Twenty cents.
*Bulletin No. 196. An Investigation of the Friability of Different Coals, by Cloyde
M. Smith. 1929. Thirty cents.
*Circular No. 18. The Construction, Rehabilitation, and Maintenance of Gravel
Roads Suitable for Moderate Traffic, by Carroll C. Wiley. 1929. Thirty cents.
Bulletin No. 197. A Study of Fatigue Cracks in Car Axles. Part II, by Herbert
F. Moore, Stuart W. Lyon, and Norville J. Alleman. 1929. Twenty cents.
*Bulletin No. 198. Results of Tests on Sewage Treatment, by Harold E. Babbitt
and Harry E. Schlenz. 1929. Fifty-five cents.
*Bulletin No. 199. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part IV, by Cloyde M. Smith. 1929. Thirty cents.
*Bulletin No. 200. Investigation of Endurance of Bond Strength of Various Clays
in Molding Sand, by Carl H. Casberg and William H. Spencer. 1929. Fifteen cents.
*Circular No. 19. Equipment for Gas-Liquid Reactions, by Donald B. Keyes.
1929. Ten cents.
Bulletin No. 201. Acid Resisting Cover Enamels for Sheet Iron, by Andrew I.
Andrews. 1929. Twenty-five cents.
Bulletin No. 202. Laboratory Tests of Reinforced Concrete Arch Ribs, by
Wilbur M. Wilson. 1929. Fifty-five cents.
*Bulletin No. 208. Dependability of the Theory of Concrete Arches, by Hardy
Cross. 1929. Twenty cents.
*Bulletin No. 204. The Hydroxylation of Double Bonds, by Sherlock Swann, Jr.
1930. Ten cents.
tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.
*A limited number of copies of bulletins starred are available for free distribution.
ILLINOIS ENGINEERING EXPERIMENT STATION
Bulletin No. 205. A Study of the Ikeda (Electrical Resistance) Short-Time Test
for Fatigue Strength of Metals, by Herbert F. Moore and Seichi Konzo. 1930.
Twenty cents.
*Bulletin No. 206. Studies in the Electrodeposition of Metals, by Donald B.
Keyes and Sherlock Swann, Jr. 1930. Ten cents.
*Bulletin No. 207. The Flow of Air through Circular Orifices with Rounded
Approach, by Joseph A. Poison, Joseph G. Lowther, and Benjamin J. Wilson. 1930.
Thirty cents.
*Circular No. 20. An Electrical Method for the Determination of the Dew-Point
of Flue Gases, by Henry Fraser Johnstone. 1929. Fifteen cents.
Bulletin No. 208. A Study of Slip Lines, Strain Lines, and Cracks in Metals
under Repeated Stress, by Herbert F. Moore and Tibor Ver. 1930. Thirty-five cents.
Bulletin No. 209. Heat Transfer in Ammonia Condensers. Part III, by Alonzo
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1930. Thirty-five cents.
Bulletin No. 210. Tension Tests of Rivets, by Wilbur M. Wilson and William A.
Oliver. 1930. Twenty-five cents.
Bulletin No. 211. The Torsional Effect of Transverse Bending Loads on Channel
Beams, by Fred B. Seely, William J. Putnam, and William L. Schwalbe. 1930.
Thirty-five cents.
Bulletin No. 212. Stresses Due to the Pressure of One Elastic Solid upon
Another, by Howard R. Thomas and Victor A. Hoersch. 1930. Thirty cents.
Bulletin No. 213. Combustion Tests with Illinois Coals, by Alonzo P. Kratz
and Wilbur J. Woodruff. 1930. Thirty cents.
*Bulletin No. 214. The Effect of Furnace Gases on the Quality of Enamels for
Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1930. Twenty cents.
Bulletin No. 215. The Column Analogy, by Hardy Cross. 1930. Forty cents.
Bulletin No. 216. Embrittlement in Boilers, by Frederick G. Straub. 1930.
Sixty-five cents.
Bulletin No. 217. Washability Tests of Illinois Coals, by Alfred C. Callen and
David R. Mitchell. 1930. Sixty cents.
Bulletin No. 218. The Friability of Illinois Coals, by Cloyde M. Smith. 1930.
Fifteen cents.
Bulletin No. 219. Treatment of Water for Ice Manufacture, by Dana Burks, Jr.
1930. Sixty cents.
*Bulletin No. 220. Tests of a Mikado-Type Locomotive Equipped with Nichol-
son Thermic Syphons, by Edward C. Schmidt, Everett G. Young, and Herman J.
Schrader. 1930. Fifty-five cents.
Bulletin No. 221. An Investigation of Core Oils, by Carl H. Casberg and Carl E.
Schubert. 1931. Fifteen cents.
Bulletin No. 222. Flow of Liquids in Pipes of Circular and Annular Cross-
Sections, by Alonzo P. Kratz, Horace J. Macintire, and Richard E. Gould. 1931.
Fifteen cents.
Bulletin No. 223. Investigation of Various Factors Affecting the Heating of
Rooms with Direct Steam Radiators, by Arthur C. Willard, Alonzo P. Kratz, Maurice
K. Fahnestock, and Seichi Konzo. 1931. Fifty-five cents.
*Bulletin No. 224. The Effect of Smelter Atmospheres on the Quality of Enamels
for Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1931. Ten cents.
*Bulletin No. 225. The Microstructure of Some Porcelain Glazes, by Clyde L.
Thompson. 1931. Fifteen cents.
*Bulletin No. 226. Laboratory Tests of Reinforced Concrete Arches with Decks,
by Wilbur M. Wilson. 1931. Fifty cents.
*Bulletin No. 227. The Effect of Smelter Atmospheres on the Quality of Dry
Process Enamels for Cast Iron, by A. I. Andrews and H. W. Alexander. 1931.
Ten cents.
*Circular No. 21. Tests of Welds, by Wilbur M. Wilson. 1931. Twenty cents.
*Bulletin No. 228. The Corrosion of Power Plant Equipment by Flue Gases, by
Henry Frazer Johnstone. 1931. Sixty-five cents.
*Bulletin No. 229. The Effect of Thermal Shock on Clay Bodies, by William R.
Morgan. Twenty cents.
*Bulletin No. 230. Humidification for Residences, by Alonzo P. Kratz. 1931.
Twenty cents.
*A limited number of copies of bulletins starred are available for free distribution.


UNIVERSITY OF ILLINOIS
THE STATE UNIVERSITY
URBANA
HARRY WOODBURN CHASE, Ph.D., LL.D., President
The University includes the following departments:
The Graduate School
The College of Liberal Arts and Sciences (Curricula: General with majors,
in the Humanities and the Sciences; Chemistry and Chemical Engi-
neering; Pre-legal, Pre-medical, and Pre-dental; Pre-journalism, Home
Economics, Economic Entomology, and Applied Optics)
The College of Commerce and Business Administration (Curricula: Gen-
eral Business, Banking and Finance, Insurance, Accountancy, General
Railway Administration, Railway Transportation, Industrial Adminis-
tration, Foreign Commerce, Commercial Teachers, Trade and Civic
Secretarial Service, Public Utilities, Commerce and Law)
The College of Engineering (Curricula: Ceramics; Ceramic, Civil, Electri-
cal, Gas, General, Mechanical, Mining, and Railway Engineering; En-
gineering Physics)
The College of Agriculture (Curricula: General Agriculture; Floriculture;
Home Economics; Smith-Hughes-in conjunction with the College of
Education)
The College of Education (Curricula: Two year, prescribing junior stand-
ing for admission- General Education, Smith-Hughes Agriculture,
Smith-Hughes Home Economics, Public School Music; Four year, ad-
mitting from the high school-Industrial Education, Athletic Coaching,
Physical Education. The University High School is the practice school
of the College of Education)
The College of Law (three-year curriculum based on a college degree, or
three years of college work at the University of Illinois)
The College of Fine and Applied Arts (Curricula: Music, Architecture, Ar-
chitectural Engineering, Landscape Architecture, and Art and Design)
The Library School (two-year curriculum for college graduates)
The School of Journalism (two-year curriculum based on two years of
college work)
The College of Medicine (in Chicago)
The College of Dentistry (in Chicago)
The School of Pharmacy (in Chicago)
The Summer Session (eight weeks)
Experiment, Stations and Scientific Bureaus: U. S. Agricultural Experiment
Station; Engineering Experiment Station; State Natural History Sur-
vey; State Water Survey; State Geological Survey; Bureau of Educa-
tional Research; Bureau of Business Research.
The Library Collections contain (July 1 1930) 798,183 volumes and 214,000
pamphlets (in Urbana) and 43,212 volume, and 7,800 -pamphlets (in
Chicago)
For catalogs and information address
tHE REGISTRAR
Urbana, Illinois

